Chronic immobilization stress (CIS) shortens apical dendritic trees of CA3 pyramidal neurons in the hippocampus of the male rat, and dendritic length may be a determinant of vulnerability to stress. Expression of the polysialylated form of neural cell adhesion molecule (PSA-NCAM) in the hippocampal formation is increased by stress, while PSA removal by Endo-neuraminidase-N (endo-N) is known to cause the mossy fibers to defasciculate and synapse ectopically in their CA3 target area. We show here that enzymatic removal of PSA produced a remarkable expansion of dendritic arbors of CA3 pyramidal neurons, with a lesser effect in CA1. This expansion eclipsed the CIS-induced shortening of CA3 dendrites, with the expanded dendrites of both no-stress-endo-N and CIS-endo-N rats being longer than those in no-stress-control rats and much longer than those in CIS-control rats. As predicted by the hypothesis that endo-N-induced dendritic expansion might increase vulnerability to excitotoxic challenge, systemic injection with kainic acid, showed markedly increased neuronal degeneration, as assessed by fluorojade B histochemistry, in rats that had been treated with endo-N compared to vehicle-treated rats throughout the entire hippocampal formation. PSA removal also exacerbated the CIS-induced reduction in body weight and abolished effects of CIS on NPY and NR2B mRNA levels. These findings support the hypothesis that CA3 arbor plasticity plays a protective role during prolonged stress and clarify the role of PSA-NCAM in stress-induced dendritic plasticity.
Introduction
Stressors that disrupt or threaten body homeostasis are a universal experience for living organisms (Selye, 1936) . One of the major consequences of chronic stress and the activity circulating glucocorticoids as well as endogenous excitatory amino acids is remodeling of dendritic structure in the CA3 region of the hippocampus (McEwen, 1999) . Chronic stress in rats causes atrophy of CA3 pyramidal neuron apical dendrites as measured by dendritic length and the number of dendritic branch points (Watanabe et al., 1992) . Dendritic remodeling in CA3 is, at least in part, the result of glutamate release and NMDA receptor activation, as NMDA receptor blockade prevents the response (Magarinos and McEwen, 1995) . However, the remodeling response also limits further excitatory input and limits the exposure to excess free radicals produced by extended excitatory amino acid release (de Kloet et al., 2005; McEwen, 2001) .
One molecular player in formation of neuritic outgrowth, branching and terminals is the neural cell adhesion molecule (NCAM) (Washbourne et al., 2004) . The function of NCAM is reflected not only in expression levels of different polypeptide isoforms, but also by its polysialic acid (PSA) moiety, which can exert steric effects on NCAM and its environment (Rutishauser, 2008; Rutishauser and Landmesser, 1996) . Importantly, PSA is critical for preventing aberrant NCAM-mediated synaptogenesis, with PSA-deficient transgenic mice exhibiting marked tissue disorganization and perinatal lethality, with lesser effects when NCAM itself is deleted (Weinhold et al., 2005) . In adulthood PSA-NCAM continues to be important for preventing aberrant synaptogenesis, as enzymatic removal of PSA residues from NCAM produces ectopic synaptogenesis and excess mossy fiber innervations in CA3 in developing animals (Seki and Rutishauser, 1998) .
PSA-NCAM expression in adult brain is limited largely to areas that undergo neurogenesis and structural plasticity (Bonfanti, 2006) . One of the main regions of adult PSA-NCAM expression is the hippocampus (Sandi, 2004) . Most expression is in the granule cell layer (GCL) of the Experimental Neurology 241 (2013) 5-12 DG, but immunoreactivity is also present in the stratum oriens, lucidum, lacunosum-moleculare and radiatum of CA3 and CA1 (Gomez-Climent et al., 2011; Nacher et al., 2002) . PSA-NCAM plasticity in the hippocampus is directly related to stress and corticosteroid-induced plasticity (Bisaz et al., 2011) . PSA-NCAM expression is inhibited by glucocorticoids (GC), and adrenalectomy increases PSA-NCAM expression (Cremer et al., 2000; Rodriguez et al., 1998) . Although chronic corticosterone (CORT) decreases hippocampal PSA-NCAM expression, chronic stress biphasically alters PSA-NCAM in the DG, first increasing and then returning to steady state levels (Nacher et al., 2004a (Nacher et al., , 2004b Pham et al., 2003; Sandi et al., 2001) . This increase in DG PSA-NCAM following chronic stress is accompanied by a decrease in NCAM (Sandi et al., 2001) . Antidepressant treatment by either fluoxetine or imipramine increases PSA-NCAM expression (Sairanen et al., 2007; Varea et al., 2007) . PSA-NCAM is also altered following injury: e.g., global ischemia produces a glutamatedependent increase followed by a decrease of hippocampal PSA-NCAM expression (Conrad et al., 1999; Fox et al., 2001) .
Removal of PSA residues from NCAM appears to reduce physiological plasticity in several different contexts. The majority of these studies have utilized a bacteriophage-derived enzyme Endo-neuraminidase (endo-N) that cleaves alpha-2, 8-linked polysialic acid from live cells or tissues without detectable toxicity or gross morphological disruption (Rutishauser et al., 1985; Vimr et al., 1984) . For example, treatment of hippocampal cell cultures with endo-N blocks both preferential formation of synapses onto NCAM-expressing cells and the increase in perforated spine synapses associated with NMDA receptor-dependent LTP , with BDNF supplementation appearing to counteract this deficit (Muller et al., 2000) . Similarly, under conditions of chronic pain, C fibers in lamina II of the spinal cord are often lost and there is an overall decrease in pain sensitivity (El Maarouf et al., 2005) . Removing PSA from NCAM prevents the reduction of these terminals and the reduction in pain sensitivity that is seen in vehicle-treated animals (El Maarouf et al., 2005) . Similar prevention of adult synaptic plasticity occurs in the circadian clock in the suprachiasmatic nucleus and in neuro-glial plasticity associated with salt balance and the estrus cycle in the hypothalamus (Hoyk et al., 2001; Monlezun et al., 2005; Prosser et al., 2003) . Additionally, upregulation of GAD67 and synaptophysin induced by chronic dopamine 2 receptor activation is prevented by removal of PSA from NCAM residues with endo-N (Castillo-Gomez et al., 2011). These results suggest that PSA-NCAM may be a major component of multiple forms of structural plasticity in the hippocampal formation.
If PSA-NCAM is sufficient to expand dendritic complexity independent of stress then this would help address whether CA3 pyramidal cell dendritic remodeling is at least in part a protective homeostatic mechanism, or evidence of damage itself. Animals that receive an injection of ibotenic acid (IBO) to CA3 following chronic immobilization stress (CIS) or chronic GC treatment show increased damage compared to non-stressed controls (Conrad et al., 2004 . But it remains an open question whether stress-induced modulation of dendritic morphology exacerbates or protects neurons from excitotoxic cell death. That is, would the stress-induced exacerbation of excitotoxic injury be even worse if the dendrites were even longer.
The goals of this study therefore are threefold. First, to determine whether enzymatic cleavage of PSA residues from NCAM will itself alter dendritic complexity and interact with chronic stress; second, to investigate the neurochemical and behavioral consequences of potentially dissociating dendritic length and volume from the stress response; and, third, to determine whether partially dissociating dendritic remodeling from stress would render neurons differentially vulnerable to excitotoxicity.
Materials and methods

Animals
Experiments were performed on adult male Sprague-Dawley rats (SD strain; Charles River, Wilmington, MA). Rats were obtained at two months of age, approximately 200-250 g. After arrival, rats were kept for one week 3 per cage to recover from the shipping process. Rats were then single-housed, and had unlimited access to food and water except during experimental manipulations. The cages were maintained on a 12-hour light/dark cycle, with lights on from 7:00 am to 7:00 pm. All experimental manipulations were performed during the light period. All experiments and procedures were conducted according to protocols approved by the Institutional Animal Care and Use Committee (IACUC).
Endo-N treatment
The enzyme Endo-Neuraminidase (endo-N) was prepared as described previously (El Maarouf and Rutishauser, 2003) . Rats were anesthetized with xylazine (0.5 mg/kg; i.p.) and ketamine (0.4 mg/kg; i.m.). A syringe was lowered 0.15 mm dorsal to the dura at 0.38 mm posterior to bregma and 0.15 mm to the right of the midline and 174 U of endo-N (in 2 μl sterile saline) or sterile saline was slowly injected into the cortical parenchyma. Intracortical injection is sufficient to remove virtually all PSA residues from NCAM throughout the nervous system apparently via diffusion (Ono et al., 1994; Seki and Rutishauser, 1998) . The dose is based on published doses for both intraparenchymal and ICV administration e.g. (Black et al., 2009 ).
Chronic immobilization stress (CIS)
One week after surgery, animals were subjected to 2 h of CIS daily for 10 days. Rats were restrained in plastic conical bags similar to commercially available DecapiCones. Control animals were kept in a separate room from stressed animals and handled 2 min/day for 10 days during the immobilization stress period to acclimate them for subsequent behavioral testing. All animals were weighed on the first and the last day of the stress experiment. Twenty-four hours after the final restraint session animals were killed either by transcardial perfusion with paraformaldehyde or rapid decapitation. Trunk blood was collected at tissue collection and the serum was analyzed for corticosterone levels using the Coat-A-Count rat corticosterone kit (Diagnostic Products Corporation).
Golgi staining and analysis
Freshly collected brains were processed with the FD Rapid GolgiStain™ Kit (FD NeuroTechnologies) according to previously established methods (Glaser and Van der Loos, 1981 ) that give successful staining of hippocampal pyramidal cells . Brains were cut in 200 μm sections (Leica VT 1000S Vibratome) and mounted on Superfrost Plus slides (Fisher Scientific) processed according to the manufacturer's instructions and coverslipped with DPX.
To select cells for analysis, impregnated neurons had to fit the following characteristics: (1) full impregnation of the cell body and dendrites; (2) relative isolation from surrounding impregnated neurons; (3) located within the segment of CA3b excluding the curvature nearing CA2 and not in CA3c; (4) cell bodies located within the middle third of the tissue section to avoid false endings of dendrites at the edges of the section. Neurons were traced using a Nikon Eclipse E600 microscope using a 40× objective and Neurolucida 8 software (MBF Bioscience).
There are three subtypes of pyramidal neurons in CA3: neurons with a single shaft that is either short (short shaft, SS) or long (long shaft, LS), and neurons with more than one primary shaft (two-shaft, 2S) (Fitch et al., 1989) . Each of the subtypes has a different degree of dendritic complexity, so care was taken to represent the subtypes equally across animals and across experimental groups. For each group, 18-22 neurons were selected and analysis was conducted of total dendritic length and dendritic branch points for the apical dendrites. The Sholl method (Uylings et al., 1986) was also used to measure apical dendritic complexity in 30 μm intervals.
Immunohistochemistry
Tissue was fixed by transcardial perfusion with 4% paraformaldehyde and free-floating sections were analyzed for PSA-NCAM immunoreactivity. Briefly, sections were incubated overnight at room temperature in mouse monoclonal anti-PSA IgM (1:700; Chemicon). PSA immunoreactivity was visualized with an AlexaFluor 488 conjugated secondary antibody. Sections were analyzed on a Nikon Eclipse E600 microscope using StereoInvestigator software (MBF Bioscience).
In situ hybridization and analysis
Freshly collected and frozen brains were cut at 20 μm on a cryostat and placed on Fisher Superfrost Plus slides. The probes used were the following sequences: NR2A 5′-TCG GGA GTT CCC TTT GGA TTC AGT GCT GAC AGC-3′; NR2B 5′-CAT GTT CTT GGC CGT GCG GAG CAA GCG TAG GAT-3′ NPY 5′-TGC CCG GAC CTG GCC CCT CTG CTC CGC CCC-3′. First a tailing reaction was performed to radioactively label the oligonucleotide probes with 33 P-dNTP at the 3′ end using terminal deoxynucleotidyl transferase (Promega) to a specific activity of 5×10 9 cpm/μg. The probe was then purified with the QIA quick spin nucleotide removal kit (Qiagen). Sections were exposed to the probes washed and then air-dried and exposed to Kodak MR autoradiography films for 2 weeks, developed, and analyzed for optical density using MCID (Imaging Research) (Conrad and McEwen, 2000) . Hippocampal measurements were taken bilaterally at 2.18 mm caudal to bregma.
Kainate-induced neuronal degeneration
Rats were subjected to either CIS or the control procedure and then half of all animals were treated with endo-N as described above. Seizures were induced by injecting rats with 10 mg/kg of kainic acid dissolved in saline and 2.5 h later the seizures were halted by i.p. injection of Na phenytoin (50 mg/kg) and then the animals were perfused 48 h after the induction of the seizures (Kim et al., 2007) .
Fluorojade B histochemistry
Fluorojade B (FJ) is a fluorescein derivative that labels degenerating neurons. Briefly, slides were dried at room temperature, immersed in a basic ethanol solution (80% containing 1% sodium hydroxide) and then rinsed in 70% ethanol and distilled water (dH 2 0). Slides were then treated with potassium permanganate (.06% in dH 2 0) for 10 min, rinsed with water, and then incubated in Fluorojade B (0.0001% in a 1% acetic acid solution); sections were simultaneously counterstained with DAPI (Sigma-Aldrich, St. Louis, MO, USA), rinsed in dH 2 0, and thoroughly dried on a slide-warmer, cleared for 1 min in xylene, and coverslipped with DPX (Sigma).
Fluorojade positive cells were counted in multiple hippocampal regions (3 sections at least 150 μm apart approximately 1.85-2.15 mm caudal to bregma; CA1, CA2, CA3, dentate gyrus, dentate hilus, and subiculum) online by an experimenter unaware of the experimental conditions associated with each sample. Both sides of the hippocampus were counted in a single section and averaged.
Data analysis
Data was analyzed using SPSS utilizing two-way ANOVA and Bonferroni post-tests except for Scholl analysis data on dendritic structure that was analyzed with repeated measures ANOVA. All data are presented as mean± SEM. P valuesb 0.05 were considered significant.
Results
Endo-N injection completely abolishes PSA expression in the hippocampus
In the hippocampus PSA-NCAM expression was mainly concentrated in the innermost part of the granule cell layer, where granule neuronal somata and their apical dendrites appeared labeled. Intense PSA-NCAM expression was detected in the thick processes of the mossy fibers, traversing the hilus and in the stratum lucidum of CA3 (Fig. 1A) . Thinner processes can also be observed traversing the stratum pyramidale and oriens of this hippocampal region. Some of these thinner processes belong to large PSA-NCAM expressing cells located mainly in the strata radiatum and oriens (Fig. 1B) , which resemble those previously described as mature interneurons (Nacher et al., 2002) . Chronic immobilization stress was found to qualitatively reduce PSA immunoreactivity (Supplemental Fig. 1 ), consistent with previous reports (Pham et al., 2003) . The efficacy of endo-N treatment in eliminating PSA content from the hippocampus was then tested. Administration of endo-N abolished PSA immunoreactivity in both control and CIS animals (Supplemental Fig. 1 ), indicating that this treatment is sufficient to markedly suppress PSA expression in the hippocampus. Next we sought to determine whether PSA removal by endo-N would alter morphological and neurochemical responses to chronic immobilization stress.
The physiological response to CIS changes significantly with PSA removal Rats of the age used in this study generally gain body mass over time, and chronic stress significantly reduces the rate of weight gain. Accordingly, chronically immobilized rats gained less body mass during the period of the CIS paradigm (F 1, 38 =132.44, pb 0.000001; Fig. 2) . Remarkably, CIS caused even more impairment following PSA removal; body mass growth was completely suppressed (F 1, 38 =9.36, pb 0.005). There was no significant interaction between these variables in preplanned comparisons among stressed groups; the weight gain with endo-N and stress was significantly less than with stress alone (F 1, 19 = 7.26, p b 0.05). Unstressed endo-N-treated rats showed normal weight gain (Fig. 2) .
We next asked whether endo-N treatment might alter neuroendocrine responses to CIS. While we found no difference between control and stressed vehicle-treated rats in serum CORT levels 24 h after the last stressor, we found that endo-N treatment resulted in an increase in circulating corticosterone concentrations in CIS animals compared to vehicle-treated CIS animals (p b 0.05). Since endo-N did not change corticosterone levels in non-stressed rats, these data suggest that endo-N selectively increased HPA reactivity following chronic stress ( Supplementary Fig. 2 ). This increased HPA axis reactivity was mirrored by reduced expression of anti-stress peptide neuropeptide Y. mRNA levels for the neuropeptide Y (NPY) in CA1 and CA3 subfields of the hippocampus were abolished by endo-N treatment, but not those in the lower blade of the dentate gyrus (Supplemental Fig. 3 ).
Expression of NMDA receptors
An additional factor that is altered by chronic stress is the glutamate system in general and the NMDA receptor system in particular (Angata et al., 2007) . We performed mRNA in situ hybridizations to determine if PSA removal and chronic stress alters expression of the gene encoding NMDA receptor subunits. NR2A gene expression in the dentate gyrus was not altered by stress, endo-N treatment or the interaction among these variables (Pb 0.05 in all cases; Fig. 3A) . Furthermore, there were no detectable effects of either stress or PSA removal on NR2B gene expression. However, there was a significant interaction between the two variables (F 1, 33 =5.20, pb 0.05; Fig. 3b ) that was mediated by an opposite effect of stress in vehicle and endo-N-treated rats. Specifically, CIS significantly reduced NR2B gene expression in vehicle-treated animals (pb 0.05) but tended if anything, to increase it in endo-N-treated animals.
Removal of PSA extends dendritic arbors in CA3 pyramidal neurons and occludes their CIS-induced atrophy
The effects of both CIS and PSA removal on dendritic morphology of CA3 pyramidal neurons were examined at the end of the physiological evaluations. The total dendritic length was longer in endo-N-treated animals (F 1,42 =62.06, pb 0.000001; Fig. 4A ) compared to vehicle-injected controls and significantly shorter in rats exposed to CIS (F 1, 42 =9.23, p b 0.005). However there was no interaction between the variables (p> 0.05). There were also significantly more branching points in endo-N-treated rats (F 1, 42 =50.41, pb 0.000001; Fig. 4B ) and significantly fewer dendritic intersections in stressed rats compared to control animals (F 1, 42 =16.20, pb 0.00001) with again no interaction between the two variables (p> 0.05).
Sholl analysis of dendritic branch length of CA3 neurons indicated a significant effect of distance from the soma (F 21, 756 = 131.97, p b 0.000001; Fig. 4C) , with a three-way interaction among endo-N treatment, CIS and distance from the soma (F 21, 756 = 1.70, p b 0.05). PSA removal alone elongated branches at all distances from the soma (F 21, 756 = 12.7, p b 0.000001). However, CIS produced a marked retraction of branches specifically at shorter distances from the soma; and, interestingly, the effect of PSA removal suppressed this CIS effect on branch length. It appears therefore that PSA removal causes significant growth and extension of CA3 dendritic trees, which renders the CIS-induced atrophy incapable of reducing arbor size below its control size. A similar, though far less dramatic expansion of dendrites was found in CA1 pyramidal neurons (Supplemental Fig. 4) . An interneuronal soma (arrow) and several processes, probably belonging to interneurons, can be observed in the stratum radiatum. Some scarce immunoreactive processes can also be found in the stratum oriens. B. Detailed view of the CA3 region. Thick processes belonging to mossy fibers can be observed in the stratum lucidum. Thinner processes also can be seen traversing the stratum pyramidale and oriens. S.L.: stratum lucidum; S.O.: stratum oriens; S.P: stratum pyramidale; S.R.: stratum radiatum. Figure A is a 2D projection of 10 confocal planes and B is a single confocal plane. Scale bar: 100 μm for A and 25 μm for B. Fig. 2 . PSA removal exaggerated CIS effects on body mass growth. Rats at the age used in this study are typically still gaining body mass, and endoN treatment alone did not affect this growth. However, chronic stress slowed this weight gain, and PSA removal by endo-N exacerbated this CIS effect. * indicates significantly different from no stress groups in the same injection type; # indicates significantly different than stress-endo-N group. Body mass growth was completely suppressed by CIS in the absence of PSA. Data are presented as means (±SEM), N=8-9/group. Fig. 3 . Expression of NMDA receptor subunit genes. CIS or endoN did not produce any change in NR2A mRNA levels in the dentate gyrus that could be detectable by in situ hybridization. However, NR2B gene expression was reduced by CIS, an effect that was blocked by endo-N treatment. * indicates significant differences at P b 0.05. Data are presented as means (±SEM) N = 9-10/group.
Effects of endo-N upon neurotoxicity
In order to determine if endo-N altered vulnerability to excitotoxic challenge, rats were injected systemically with the excitotoxin, kainic acid. Neuronal degeneration, as assessed by fluorojade B histochemistry was markedly increased in rats that had been treated with endo-N compared to vehicle-treated rats both throughout the entire hippocampus (F 1, 17 = 5.10, p b 0.05; Fig. 5 ), CA1 field (F 1, 17 = 5.17, p b 0.05), and dentate gyrus (F 1, 17 = 7.00, p b 0.05). There were no effects of stress or interaction between stress and endo-N treatment in any part of the hippocampal formation. Taken together these data indicate that endo-N treatment, presumably via PSA-NCAM depletion and possibly by increasing the dendritic arbors of pyramidal neurons, renders the hippocampus more vulnerable to excitotoxic injury.
Discussion
Hippocampal dendritic retraction and recovery is a phenomenon that occurs across species and in response to a variety of physiological stimuli (Czeh and Lucassen, 2007; Izquierdo et al., 2006; Magarinos et al., 1996 Magarinos et al., , 2006 Popov et al., 1992; Watanabe et al., 1992) . In the present study in male rats, we confirmed that CIS specifically shortens hippocampal apical branches located at short distances from the soma a portion of the dendrite located in the stratum lucidum, in which most mossy fibers make synaptic contacts, and found that removal of PSA from NCAM in the hippocampus by endo-N expands CA3 dendritic branches at all distances from the soma, including an occlusion of the anatomical consequences of CIS. The effect of endo-N treatment renders the hippocampus more vulnerable to excitotoxic challenge, apparently independently of the CIS history, and alters some of the physiological and neurochemical responses to CIS. Fig. 4 . PSA removal antagonized the specific effect of CIS on dendritic branches. Top: Representative camera lucida traces from vehicle and endo-N-treated rats that were exposed to ten days of CIS. The dendritic arbors were larger in endo-N-treated animals. Bottom: (A) CIS shortened the total length of CA3 dendritic arbor while PSA removal produced an increase in these measures. With combination of CIS and endo-N, the total arbor length was shorter than with endo-N alone but still larger that control values. (B) Interestingly, the effects on numbers of branching points followed a similar pattern. (C) Sholl analysis revealed that PSA removal alone produced an elongation of branches located at all distances from the soma (from 0 to 550 μm approximately), while CIS alone specifically shortened branches located near the soma (approximately between 100 and 250 μm). Interestingly, PSA removal completely antagonized this CIS-induced dendrite atrophy. Data are presented as means (±SEM) N= 9-10/group. 
Possible mechanisms for endo-N effects
The adult CA3 is a dynamic region that continuously receives new mossy projections (Seki and Rutishauser, 1998) , and this process is likely to involve constant growth and retraction of pyramidal dendrite branches to adjust connectivity. The high levels of PSA that are normally expressed on mossy fibers possibly modulate these plastic events (Burgess et al., 2008; Seki and Arai, 1999; Seki and Rutishauser, 1998) . PSA cleavage by endo-N causes mossy fibers to defasciculate into a more spread innervation area, with formation of ectopic synapses, in developing animals (Seki and Rutishauser, 1998) . It is also notable that these effects in CA3 appear to cascade down hippocampal circuitry, in that a similar, although far less dramatic, effect with endo-N was seen in CA1 apical dendrites, which receive input from the Schaffer collaterals of CA3 pyramidal neurons (Supplemental Fig. 3) . Importantly, endo-N increased cell death disproportionately in the CA1 field of the hippocampus further reinforcing the importance of the synaptic changes in the dentate and CA3.
Mossy fibers project within the stratum lucidum and typically innervate the proximal apical dendrites of CA3 neurons. CIS specifically shortens branches located in this proximal part of the dendritic tree (Fig. 4) , and it is therefore reasonable to suggest that PSA removal occludes the CIS-induced retraction of CA3 dendrites by increasing dendrite-mossy fiber interactions and possibly stabilizing synapses (El Maarouf and Rutishauser, 2003; El Maarouf et al., 2005) .
Although most of the effects of PSA depletion in the hippocampus may be due to structural remodeling of mossy fibers and their connections, a contribution of local interneurons should not be discarded, since a subpopulation of these cells expresses PSA-NCAM in the adult hippocampus (Nacher et al., 2002) . These interneurons have reduced structural features and connectivity when compared with those lacking PSA-NCAM (Gomez-Climent et al., 2011) .
Endo-N effects on physiological, behavioral and neurochemical responses to CIS
While the endo-N-induced changes in hippocampal connectivity did not appear to cause gross physiological alterations in the absence of chronic stress, some aspects of CIS-altered physiology and behavior were amplified by PSA depletion. For example, the CIS-induced inhibition of body mass growth typically seen in rats of the age used in this study was significantly exacerbated by endo-N treatment (Ricart-Jane et al., 2002) . Importantly, glucocorticoid concentrations were elevated 24 h following stress in the endo-N-treated animals suggesting the possibility that the overall consequences of chronic stress may have been amplified by PSA depletion.
Further evidence for this hypothesis is provided by reduced body mass in endo-N-treated stressed animals potentially indicating that PSA residues, and possibly by extension dendritic withdrawal buffers the deleterious consequences of chronic stress. Furthermore, endo-N treatment abolished the increase in levels of the neuropeptide Y (NPY) in CA1 and CA3b fields of the hippocampus. As NPY has been implicated in resilience to the deleterious effects of stress this phenomenon may provide further indication of enhanced vulnerability to stress following endo-N treatment. Taken together, these data suggest that the consequences of chronic stress are buffered by PSA-facilitated dendritic retraction as well as up-regulation of NPY, and, accordingly, that when CIS is combined with the larger dendritic trees caused by PSA removal, some of the consequences of stress, including weight loss, (Ricart-Jane et al., 2002 ) may be exacerbated.
One potentially important point is that CORT concentrations were only elevated in CIS-endo-N-treated animals. The lack of corticosterone elevation in CIS animals that were treated with vehicle is likely due to the return to baseline by 24 h following the final stress session. Still, this provides further evidence of a potentiated HPA response to CIS in endo-N-treated animals, as these concentrations were still elevated after the conclusion of CIS.
Positive and negative effects of stress-induced dendritic atrophy
Longer dendrites in endo-N-treated animals, irrespective of CIS history, led to greater damage of CA3 neurons after kainic acid treatment and this finding indirectly addresses a central question regarding stress-induced dendritic atrophy, namely, whether this reduction in dendritic material represents some type of damage to neurons or an adaptive adjustment that protects neurons from overstimulation by excitatory inputs.
Stressors increase the vulnerability of neurons to a variety of injuries including the direct application of ibotenic acid . Presumably chronic stress increases the vulnerability of neurons to excitotoxic cell death via a number of mechanisms including poorer metabolic function, oxidative stress, predisposition to inflammation and suppression of anti-apoptotic signaling. There is also the possibility that chronic stress increases genomic instability through failure to repress retrotransposon DNA elements (Hunter et al., 2012) .
On the other hand, dendritic retraction may serve to oppose these effects of stress by reducing the metabolic cost of maintaining processes and reducing the exposure to excitatory input. Thus the reduction of CA3 pyramidal arbor size under CIS would serve as a mechanism to lessen transmission as well as reduce consequences of stressful and/or traumatic insults. The fact that the occlusion of CIS-induced retraction in endo-N-treated rats correlated with stronger stress effects on body weight and corticosterone supports a protective and buffering role for this retraction.
It is interesting that, in our studies, CIS caused a decrease in DG NR2B expression. This change was suppressed by PSA removal, and is likely to reflect the amount of neurotransmission going through the DG to CA3; nevertheless, CIS did not appear to increase the damage from the excitotoxicity. However, PSA residues inhibit the opening of NMDA receptors containing NR1/NR2B subunits suggesting that endo-N-treated animals may exhibit significantly greater NMDA mediated excitation in the absence of PSA (Kochlamazashvili et al., 2012) and this could be an additional factor in increased excitotoxicity after endo-N treatment, as PSA-NCAM has been shown to protect cells from NMDA currents and excitotoxicity in vitro (Hammond et al., 2006) .
The possibility that dendritic retraction and changes in vulnerability to excitotoxicity are not directly linked remains. PSA-NCAM depletion interferes with BDNF signaling (Vutskits et al., 2001 ) and may alter other aspects of cellular physiology that could render cells vulnerable to excitotoxicity. In any case, a mechanism that would allow the clean dissociation of dendritic plasticity from other aspects of cellular physiology is necessary to fully answer this important question.
The notion of hippocampal plasticity as a mechanism to buffer the effects of stress has been suggested recently with reference to DG neurogenesis (Snyder et al., 2011) . Moreover, an analogous PSA-dependent mechanism appears to exist in the nociceptive system, where non-peptidergic C-terminals retract from their spinal targets under the stress of chronic pain. In this system, PSA removal blocks C-fiber atrophy with a corresponding exaggeration of pain levels (El Maarouf and Rutishauser, 2003; El Maarouf et al., 2005) . These findings imply that the expression of PSA pathways facilitates a protective adjustment in neuronal circuitry to environmental conditions.
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